It has been well documented that matrine, a tetracyclo-quinolizindine alkaloid, possessed a positive inotropic effect. However, the underlying mechanisms at the cellular and ion channel levels have not been completely clarified. Therefore, the present study was designed to identify the cellular target and the mechanisms of inotropic effect of matrine. Guinea pig papillary muscles were used to study the contractile force of the heart and ventricular myocytes were used to study L-type calcium channel (I Ca-L ) and intracellular calcium concentration 
Congestive heart failure is a progressive disease with significant morbidity and mortality. It defines as a chronic inadequate contraction of the heart muscle resulting in insufficient cardiac output. A growing body of evidence has accumulated concerning the altered intracellular Ca 2ϩ cycling that plays a key role in the development of heart failure (HF). [1] [2] [3] In many cases, altered Ca 2ϩ cycling precedes the observed depression of mechanical performance; consequently, an amelioration of the disorder of Ca 2ϩ cycling has potential as a new and intriguing therapeutic strategy against HF. Possible strategies to overcome this deficiency are to increase Ca 2ϩ cycling during each action potential (AP) by stimulation of the L-type Ca 2ϩ current (increased the Ca 2ϩ influx), by increasing the release of Ca 2ϩ from the sarcoplasmic reticulum (SR) or by increasing the Ca 2ϩ sensitivity of myofilaments. Unfortunately, until today only few substances, such as cardiac glycosides, are in clinical use to increase the contractile force of cardiac muscle, and it would be desirable to develop substances acting similarly but without serious side effects.
Sophora flavescens AIT (SF), used as the dry root, is a Chinese medicinal herb found in China, Japan and some European countries and is historically used in anti-inflammatory and anticancer therapy. 4) Among various alkaloids isolated from SF, matrine has been identified as the major bioactive component contributing to a variety of pharmacological effects. 5, 6) As matrine ( Fig. 1 ) is an alkaloid extracted from a widely available Chinese herb and has a low toxicity and also is relatively inexpensive, it may find a wider clinical use in the treatment of various diseases such as hepatitis B and C, 7, 8) and some cancers. 9, 10) It is also well established that matrine can influence cardiac function. It has significant antiarrhythmic effects on different experimental models induced by aconitine, barium chloride, coronary ligation or Chinese cobra venom. 11, 12) Recent studies have demonstrated that matrine prevented cardiac remodeling (including myocardial hypertrophy and fibrosis) induced by pressure overload in vivo and induced apoptosis by regulation Bcl-2/Bax expression 13) and caspase-3 activation and thereby inhibited cardiac fibroblast proliferation induced by Ang II.
14) It is reported that matrine has positive inotropic effects on both atria and ventricle in vivo. 15) Ai et al. reported matrine enhanced cytosolic [Ca 2ϩ ] i , 16) although the mechanisms involved are not yet clear. Matrine enhanced the positive inotropic action induced by ouabain, which illustrated that this effect might be independent on Na ϩ -K ϩ -ATPase. 17) But the mechanisms were unknown so far. The goal of the present study was to examine the positive inotropy in vitro and to identify the underlying mechanism.
MATERIALS AND METHODS

Animals
Guinea pigs (450-600 g, SPF, the Animal Center of Harbin Medical University) were housed at 20Ϯ3°C with 55Ϯ10% humidity, 12 h light/dark cycle, and had free access to species-specific food and tap water. All experiments were carried out according to the China Guide to the Care and Use of Experimental Animals. Studies were approved by the Institute Committee of the Animal Care of Harbin Medical University.
Chemicals Matrine was obtained from Xian Botany Garden (Shanxi, China), and its purity was Ͼ99% as as- Contractile Force Measurements in Isolated Papillary Muscles Force measurements of guinea pig papillary muscles were performed using established protocols. 19) In brief, the papillary muscles were isolated from guinea pigs and mounted vertically, while avoiding tissue stretch, in an organ bath filled with Krebs solution containing (in mM): 119 NaCl, 5.6 KCl, 1.17 MgSO 4 , 2.1 CaCl 2 , 1.0 NaH 2 PO 4 , 25.0 NaHCO 3 , 10.0 glucose, pH 7.4, gassed with a mixture of 95% O 2 ϩ5% CO 2 and maintained at 36°C. The papillary muscles were stimulated electrically with 1 Hz (impulse duration 1 ms, two-fold threshold current) via two electrodes (Campden, Stimulator 915, Phymep). After 1 h of equilibration, a single concentration of the test drug was added into the organ bath, and the maximal increase of isometric contractions was measured and observed for 15 min. Then higher concentration of the tested drug was applied into the organ bath after this tissue washout and the contractile force recovered to the normal condition.
Inotropic Effects and Mechanisms of Matrine, a Main Alkaloid from
Electrophysiological Recordings Single ventricular myocytes were isolated from guinea pig heart by enzymatic dissociation according to a procedure previously described. 20) Ionic currents were studied in whole-cell patch configuration at temperature (25-27°C). 21) Only quiescent rod-shaped cells lacking membrane deformities and showing clear cross striations were studied. A small aliquot of the solution containing the isolated cells was placed in a 1 ml chamber mounted on the stage of a Nikon Diaphot inverted microscope (Nikon). Bor-osilicate glass electrodes with tip resistance of 2-5 MW were filled with the appropriate internal solution (in mM: 20 CsCl, 110 Cesium asparate, 1 MgCl 2 , 5 HEPES, 10 EGTA, and 5 Na 2 -ATP with pH adjusted to 7.2 with CsOH). Junction potentials were zeroed before formation of the membrane-pipette seal in Tyrode's solution. Membrane currents were recorded with an Axo-patch 200B amplifier (Axon Instruments). After forming the whole-cell recording configuration, a capacitive current transient induced by a 10 mV step from a holding voltage of 0 mV was recorded and used for the calculation of cell capacitance. Cell capacitances were estimated from integration of capacitative current transients and had the mean values of 128Ϯ11 pF (nϭ24). Series resistance (Rs) was in the range of 4-6 MW and it was compensated by 60 to 80%. For measurement of inward Ca 2ϩ currents, the bath Tyrode's solution was contained in mM: 136 Tris-HCl, 5.4 CsCl, 1 MgCl 2 , 1.8 CaCl 2 , 0.33 NaH 2 PO 4 , 10 glucose, and 10 HEPES. pH was adjusted to 7.4 with Tris-OH. Data were enrolled from those experiments performed in cells where the estimated voltage error attributed to uncompensated Rs (RsϫI Ca-L ) was below 5 mV.
Current-clamp was used to record action potential of guinea pig ventricular myocytes. A 2 ms depolarizing stimulatory pulse was given to trigger action potential. Voltageclamp was used to record I Ca-L . To activate I Ca-L , 300 ms depolarizing current stepped from Ϫ60 mV to ϩ40 mV from a holding potential Ϫ70 mV were delivered at 0.1 Hz. A time dependent reduction of I Ca-L ('rundown' phenomenon) was observed during the initial 10-15 min access of the patch pipette to the interior of the ventricular myocytes. Therefore, recordings were performed only on those cells with steadystate Ca 2ϩ currents for 15 min after cell rupture. The steadystate inactivation of I Ca-L were analysed with double-pulse protocols. Conditioning voltage pulses (3 s in duration) for various membrane potentials (Vtest between Ϫ70 to ϩ50 mV were followed by a 10 mV step to the holding potential (Ϫ70 mV); then, the current (Itest) elicited by a depolarization to the evaluation potential (0 mV) for 200 ms was measured. The ratio between the amplitude of the Ca 2ϩ currents with the conditioning pulse (Itest) and that without conditioning pulse (Itest max ) was plotted for the membrane potential of each conditioning pulse. The interval between sets of double pulses was 20 s.
Conductance of Ca 2ϩ channel (G Ca ) was then calculated according to G Ca ϭI Ca /(E m ϪE rev ) where I Ca is the peak Ca 2ϩ current, E rev is the reversal potential of this current, and E m is the membrane potential. Data were analysed by using the Boltzmann equation as follows:
where V h and k represent the voltage of activation midpoint and a slope factor, respectively.
The inactivation curves of I Ca-L were fitted by the Boltzmann equation:
where I gives the current amplitude and I max its maximum, V m the potential of prepulse, V h the half-maximal inactivation potential, and k the slope factor.
The speed of I Ca recovery from inactivation was assessed using the following protocol. A 20 ms prepulse (I p ) was followed by a variable recovery period and a 20 ms test pulse (I t ) to assess the amount of current recovered. Each two pulse sequence was separated by a 50 s interval. Statistics Results are expressed as meanϮS.E.M. and statistical comparisons (performed using ANOVA followed by Dunnett's method) were carried out, and paired or unpaired t-test was used. Differences were considered to be significant when pϽ0.05.
RESULTS
Positive Inotropic Effects of Matrine
The experiment was performed to confirm the positive inotropy and to determine the potency of matrine. A markedly positive inotropy effect of matrine at a concentration-dependent manner was observed in papillary muscles of guinea pigs ( Fig. 2A) and the effect was partially reversible after 5-8 min washout (data not shown). Dose up to 50-mM matrine moderately affected the contractile force, 200-mM matrine significantly increased the contractile force by 46.9Ϯ3.1% (nϭ6 preparation). Matrine increased ϩdp/dt max and Ϫdp/dt max by 42.2Ϯ 3.7% and 27Ϯ1.6% (nϭ6 preparation), respectively (Fig.  2B) .
Matrine was tested in combination with either an a-adrenergic receptor antagonist (prazosin, 10-mM) or a b-adrenergic receptor antagonist (propranolol, 10-mM). Figure 2C showed that none of these two receptor antagonists significantly inhibited the positive effect of matrine on the contractile force of isolated papillary muscles (nϭ8 preparation, pϾ0.05). When the tissue was pretreated with verapamil 1-mM, matrine 200-mM did not increase the contractile force (vs. control, nϭ6 preparation, pϽ0.05).
Effects of Matrine on Action Potential Duration To evaluate the effects of matrine, action potential was recorded before and after matrine in guinea pig ventricular myocytes driven at 0.1 Hz. The present data showed that matrine did not alter the resting membrane potential. Compared with control (Ϫ74.5Ϯ3.8 mV), the resting membrane potential was Ϫ75.1Ϯ5.8 mV (nϭ6 cells, pϾ0.05) after application of matrine 100-mM. Matrine prolonged the action potential duration at 50% and 90% repolarization (APD 50 and APD 90 ) in a concentration-dependent manner and the effects were partially recovered after washout (data not shown). Figure 3 showed that the effects of matrine 1, 10, and 100-mM on APD 50 and APD 90 , respectively.
Effects of Matrine on Calcium Currents
Based upon the effects of matrine on action potential duration, the changes of calcium current mediated by matrine would be expected. In the present experiment, the effect of matrine 100-mM on I Ca-L (Fig. 4A ) and I-V relationship curve measured at the peak was observed (Fig. 4B) . Matrine 1, 10, and 100-mM increased the peak amplitude of I Ca-L . On average, 1, 10 and 100-mM matrine increased I Ca-L at 0 mV from Ϫ14.4Ϯ0.63 pA/pF to Ϫ15.8Ϯ1.42 pA/pF (nϭ8 cells, pϾ 0.05), Ϫ17.6Ϯ1.19 pA/pF (nϭ8 cells, pϽ0.05), Ϫ19.9Ϯ1.01 pA/pF (nϭ8 cells, pϽ0.05), respectively.
The normalized peak conductance of the Ca 2ϩ currents was plotted as the function of E m . Matrine did not affect the voltage dependence for activation (Fig. 4C) . On average (nϭ 5 cells), V h ϭϪ22.5Ϯ0.22 mV and kϭ5.52Ϯ0.19 mV under the control condition, and V h ϭϪ26.5Ϯ0.32 mV and kϭ 5.89Ϯ0.27 mV (pϾ0.05, for V h and k vs. control) in the presence of 100-mM matrine.
Interestingly, the voltage dependent steady-state inactivation profile was affected by exposing cells to matrine by using the double-pulse protocol as described in method. In the absence of matrine, k and V h were 11.9Ϯ0.6 mV and Ϫ22.7Ϯ0.6 mV (nϭ5 cells, pϾ0.05), respectively. Matrine 100-mM did not alter k (8.9Ϯ0.5 mV, nϭ5 cells), but it shifted V h to more positive voltage (Ϫ9.8Ϯ0.4 mV, nϭ5 cells, pϽ0.05).
Except for the activation and inactivation profiles of cal- cium currents, the effect of matrine on the speed of I Ca recovery from inactivation was also evaluated (Fig. 4D ). In the presence of matrine, the time courses of recovery were not affected.
Effects of Matrine on [Ca
2؉
] i To verify the stimulation of I Ca-L , and to assess the resulting consequences on Ca 2ϩ transients, the changes in [Ca 2ϩ ] i were observed in Fluo-3 loaded cardiomyocytes using a laser-scanning confocal microscope (Fig. 5) . In normal Tyrode's solution, 1, 10, and 100-mM matrine was used respectively to determine whether matrine was able to mobilize [Ca 2ϩ ] i at resting levels. Our present data showed that a detectable alteration in the basal level of [Ca 2ϩ ] i (pϾ0.05 compared with control group, data not shown) was not observed in the presence of matrine.
Whether or not matrine could effect KCl-mediated Ca , and the ratio (FI/FI 0 ) of Fluo-3/AM fluorescence was increased 3.2Ϯ0.8 fold (peak value) (nϭ6 cells, pϽ0.01 compared with resting value). After pretreatment with Tyrode's solutions containing matrine at the concentration ranging from 1-100 mM for 5 min, the KCl-induced elevations of [Ca 2ϩ ] i were further enhanced dramatically. Matrine 1, 10, 100-mM increased FI/FI 0 by 5.06Ϯ0.93 fold, 5.86Ϯ1.27 fold and 6.63Ϯ1.52 fold (nϭ6 cells, compared with resting value, pϽ0.05). When matrine 100-mM and verapamil 1-mM were co-incubated, the KCl-induced elevations of [Ca 2ϩ ] i were inhibited, FI/FI 0 were 2.44Ϯ1.07 fold (nϭ6 cells, compared to resting value, pϽ0.05).
Increasing both SR Ca 2ϩ release and uptake can enhance Ca 2ϩ handling in myocytes. So the effect of matrine on the caffeine-induced Ca 2ϩ transient was studied.
When the cells were exposed to caffeine 10-mM in the absence of extracellular Ca 2ϩ , the fluorescent intensity was increased rapidly, the ratio (FI/FI 0 ) of Fluo-3/AM fluorescence was increased 5.7Ϯ0.8 fold (peak value). Pretreatment with matrine (1-100-mM) for 5 min, the ratio (FI/FI 0 ) of Fluo-3/AM fluorescence was not effected (5.4Ϯ0.6 fold, nϭ8 cells, pϾ0.05). 
DISCUSSION
Our present study was performed in order to quantify the positive inotropy of matrine and to determine the efficacy of matrine. It was demonstrated clearly that matrine enhanced [Ca 2ϩ ] i by stimulating I Ca-L and exerted positive inotropic effects.
Matrine 1-mM had little effect on the contractile force in papillary muscle and in the presence of 200-mM matrine, the contractile force reached the maximal level by increasing 46.9Ϯ3.1%. Systole velocity (expressed as ϩdp/dt max ) and diastole velocity (expressed as Ϫdp/dt max ) were both increased, but the increasing rate of diastole velocity was less than that of systole velocity (27Ϯ1.6% vs. 42.2Ϯ3.7%). Therefore, the diastolic phase of cardiac cycle was relatively extended and the sufficient relaxation on account of prolongation of diastole, ultimately led to the increase in ventricular filling and an improvement in the cardiac performance. Such modest positive inotropy is important especially in dealing with patients with congestive heart failure. Compared to Wei's 15) study, we used papillary muscles to study the contractile force instead of isolated perfused heart (Langendorff). Papillary muscles were direct to view. The effects of drugs were easy to observe. So we chose the papillary muscles and the results in the different models were both alike.
It is well established that cardiac function and contractile force can be modulated by the a-and b-adrenergic signaling pathways. 22) Notably, stimulation of either pathway can induce a positive inotropic effect. Since, in the presence of these antagonists, a significant decrease in the contraction of guinea pig papillary muscle was not observed, matrine apparently did not interact with a-and b-adrenergic pathways. In fact that the reduction of matrine-mediated increase in the contractile force in the presence of verapamil, L-calcium channel antagonist, demonstrated that the positive inotropic action of matrine may be through L-type calcium channel. The electrophysiological data also showed that matrine increased I Ca-L in a concentration-dependent manner and the larger entry of Ca 2ϩ was in fact resulting in a more robust Ca 2ϩ transient. Combined with laser-scanning confocal microscopy, matrine did not induce detectable alteration in the basal level of [Ca 2ϩ ] i and the caffeine-induced Ca 2ϩ transient, but increased KCl-mediated [Ca 2ϩ ] i mobilization and this effect was inhibited by verapamil. Ai's study 16) only found matrine enhanced KCl-mediated Ca 2ϩ mobilization, but didn't study the effect of matrine on the release of Ca 2ϩ from the sarcoplasmic reticulum. Our study further demonstrated matrine stimulated Ca 2ϩ influx through opened I Ca-L . Calcium overload caused by enhanced calcium entry is one of mechanisms for spontaneous calcium release (SCR) from the sarcoplasmic reticulum. Cardiomyocytes with elevated [Ca 2ϩ ] i are susceptible to delayed after-depolarizations (DAD). 23 ) DAD triggered activity is believed to play an important role in arrhythmias. In single myocytes, matrine did not affect the membrane potential and DADs were not observed in the presence of matrine 100 mM. I Ca-L is the major current involved in the plateau of action potential duration (APD) and the increase in I Ca-L contributes to the prolongation of APD. A lengthening of APD allows a larger influx of Ca 2ϩ . 24) It consequently prolonged a repolarization time and further increased the refractoriness of the myocardium. 25, 26) The prolongation of APD by matrine may therefore suppress tachyarrhythmias. Zhou et al. reported matrine increased outward current of I K1 at resting membrane potential and caused membrane hyperpolarization. 27) Matrine reduced the autonomy of cardiac myocytes and stabilized the membrane potential.
Additionally, Na-Ca exchanger (NCX) is an attractive target for cardio-protective effect. 28) NCX extrudes Ca 2ϩ from the cell in the forward mode and decreases intracellular [Ca 2ϩ ] i . Matrine might extrude excessive intracellular Ca 2ϩ through NCX and have protective effect against arrhythmias. That is a possible explanation why matrine did not induce fatal arrhythmias even though Ca 2ϩ influx via I Ca-L . To verify the effect of matrine on NCX, a further experiment needs to be done in the future.
It has been reported that matrine induced an apoptosis in tumor cells such as leukemia U937 cell and K562 cell via a cytochrome c-triggered caspase activation pathway. 10, 29) However, in VSMC, matrine 1-mM significantly inhibited the increase in fluorescent intensity of intracelluar calcium induced by Ang II, suggesting that matrine inhibited calcium overload induced by Ang II in VSMC. 14, 30) Zhong et al. reported that matrine up-regulated Bcl-2 mRNA and inhibited apoptosis of myocardium induced by coronary artery ligation. 31) These results indicated that matrine might protect the hearts through different mechanisms and reduce the injury of calcium overload.
The present study in single ventricular myocytes clearly demonstrated that matrine prolonged APD and increased the intracellular Ca 2ϩ transient due to the activation of I Ca-L channels. Although the possibility of actions of matrine on cardiac intracellular calcium handling, e.g., at either level or in combination of the sarcoplasmic reticulum, mitochondria and on NCX are excluded, simple stimulation of I Ca-L is sufficient to explain the positive inotropic action of matrine.
